Neuropathic pain is a well-known type of chronic pain caused by damage to the nervous system. Until recently, many researchers have primarily focused on identifying cellular or chemical sources of neuropathic pain or have approached neuropathic pain via the basis of biological study. We investigated whether both mmu-mir-23b (miR23b) and NADPH oxidase 4 (NOX4) antibody infusion can alleviate neuropathic pain by compensating for abnormally downregulated miR23b via reducing the expression of its target gene, NOX4, a reactive oxygen species (ROS) family member overexpressed in neuropathic pain. Ectopic miR23b expression effectively downregulated NOX4 and finally normalized glutamic acid decarboxylase 65/67 expression. Moreover, animals with neuropathic pain showed significantly improved paw withdrawal thresholds (PWTs) following miR23b infusion. Normalizing miR23b expression in tissue lesions, caused by neuropathic pain induction, reduced inflammatory mediators and increased several ROS scavengers. Moreover, c-aminobutyric acid (GABA)ergic neurons coexpressed suboptimal levels of miR23b and elevated NOX4/ROS after pain induction at the cellular level. MiR23b finally protects GABAergic neurons against ROS/p38/c-Jun N-terminal kinase (JNK)-mediated apoptotic death. By evaluating the functional behavior of mice receiving pain/miR23b, normal/anti-miR23b, anti-miR23b/si-NOX4, pain/NOX4 antibody, pain/ ascorbic acid, and pain/ascorbic acid/NOX4 antibody, the positive role of miR23b and the negative role of NOX4 in neuropathic pain were confirmed. Based on this study, we conclude that miR23b has a crucial role in the amelioration of neuropathic pain in injured spinal cord by inactivating its target gene, NOX4, and protection of GABAergic neurons from cell death. We finally suggest that infusion of miR23b and NOX4 antibody may provide attractive diagnostic and therapeutic resources for effective pain modulation in neuropathic pain.
Neuropathic pain is a well-known type of chronic pain caused by damage to the nervous system. Until recently, many researchers have primarily focused on identifying cellular or chemical sources of neuropathic pain or have approached neuropathic pain via the basis of biological study. We investigated whether both mmu-mir-23b (miR23b) and NADPH oxidase 4 (NOX4) antibody infusion can alleviate neuropathic pain by compensating for abnormally downregulated miR23b via reducing the expression of its target gene, NOX4, a reactive oxygen species (ROS) family member overexpressed in neuropathic pain. Ectopic miR23b expression effectively downregulated NOX4 and finally normalized glutamic acid decarboxylase 65/67 expression. Moreover, animals with neuropathic pain showed significantly improved paw withdrawal thresholds (PWTs) following miR23b infusion. Normalizing miR23b expression in tissue lesions, caused by neuropathic pain induction, reduced inflammatory mediators and increased several ROS scavengers. Moreover, c-aminobutyric acid (GABA)ergic neurons coexpressed suboptimal levels of miR23b and elevated NOX4/ROS after pain induction at the cellular level. MiR23b finally protects GABAergic neurons against ROS/p38/c-Jun N-terminal kinase (JNK)-mediated apoptotic death. By evaluating the functional behavior of mice receiving pain/miR23b, normal/anti-miR23b, anti-miR23b/si-NOX4, pain/NOX4 antibody, pain/ ascorbic acid, and pain/ascorbic acid/NOX4 antibody, the positive role of miR23b and the negative role of NOX4 in neuropathic pain were confirmed. Based on this study, we conclude that miR23b has a crucial role in the amelioration of neuropathic pain in injured spinal cord by inactivating its target gene, NOX4, and protection of GABAergic neurons from cell death. We finally suggest that infusion of miR23b and NOX4 antibody may provide attractive diagnostic and therapeutic resources for effective pain modulation in neuropathic pain. Recently, many groups have suggested a relationship between the immune system and the nervous system. Neuropathic pain is a well-known type of chronic pain caused by damage to the nervous system. Generally, it results from a variety of chronic pain conditions with various underlying pathophysiological mechanisms and origins. 1, 2 Among these immunoactive substances, COX2, interleukin 1b (IL-1b), and tumor necrosis factor-a (TNF-a) are globally expressed at the sites of induced pain. 3 Moreover, reactive oxygen species (ROS) have an important role in regulating cell growth and death by controlling the production of superoxide and H 2 O 2 . 4 Neuropathic pain also causes the release of inflammatory factors from microglia and astrocytes in the spinal cord. The NADPH oxidase family is one of the key factors for understanding pain mechanisms in pathogenic pain models because NADPH oxidase 2 (NOX2) and NADPH oxidase 4 (NOX4) have been reported to generate ROS. 5, 6 MicroRNAs (miRNAs), short non-coding RNAs, are endogenously expressed and directly inhibit protein translation by binding to a complementary target mRNA. Recently, the expression of miRNAs has been widely used to observe tissue-specific miRNA expression and regulatory changes in different developmental stages, cell types, and tissues. [7] [8] [9] [10] Many research groups are investigating various methods for the relief of chronic pain, including drugs and molecular factors. 11, 12 The first experimental reports addressing the involvement of miRNAs in the nociception clearly indicate that inflammatory muscle pain 13 and peripheral nerve injury 14 modify the expression profile of a number of miRNAs in trigeminal and dorsal root ganglia, respectively. 15 Several groups have reported that miRNAs can control secondary injury in some animal models of disease. 16, 17 We found that mmu-mir-23b (miR23b) indirectly controls pain by regulating the expression of its target gene, NOX4. MiR23b has been shown to control directly NOX4 expression and affect the expression levels of inflammatory factors and ROS scavengers in animal models of pain. In this study, we explored the role of a specific miRNA, miR23b, in an in vivo animal model and in cultured neural progenitor cells (NPCs). The expression of g-aminobutyric acid (GABA) and glutamic acid decarboxylase (GAD)67 has been shown to be reduced in animal models of pain compared with healthy animals. [18] [19] [20] In few reports describing successful medical or surgical treatments for postspinal cord injury (SCI), central neuropathic pain exists. [20] [21] [22] [23] Hypofunction of GABAergic inhibitory mechanisms and increases in calcitonin gene-related peptide in the spinal cord have both been reported after SCI. GABAmediated inhibition, acting both presynaptically and postsynaptically, exerts a tonic modulation of nociceptive neurotransmission between primary afferents and secondorder spinothalamic tract neurons. [24] [25] [26] In our study, we first demonstrated that miR23b effectively reduces neuropathic pain by reducing the expression of the inflammation-promoting factor, NOX4, in an animal model, and reduction of miR23b expression produced pain symptoms. We also administered miR23b intrathecally and interfered with NOX4 expression to reduce hypersensitization of neuropathic pain induced in an animal model. Two factors acted in opposition to one another; as miR23b levels decreased, NOX4 expression increased and vice versa. Furthermore, NOX4 antibody treatment effectively reduces neuropathic pain by reducing the expression of the NOX4, effectively interfered with NOX4 expression, and significantly reduced hypersensitization of neuropathic pain in traumatic SCI. As a result, miR23b and NOX4 antibody treatment may represent a key molecule for the protection of neural cells in neuropathic pain.
Results
MiR23b expression in an induced neuropathic pain animal model. We identified differentially expressing miRNAs and mRNA at a various time schedules (0, SCI 24 h, 48 h, 72 h, 1 week) via DNA microarray and real-time reverse transcription (RT)-PCR confirmation. Among these, we selected several miRNAs that target specific neural, functional protein, which significantly upregulated compared with normal tissue. MiR23b expression levels were also confirmed by in situ hybridization and real-time RT-PCR assays at day 3 after the induction of neuropathic pain (Figure 1a ). Intrathecal infusions of miR23b were used to determine the role of miR23b in neuropathic pain in this animal model. A sham-operated animal model was induced by injection of an antisense RNA to interfere with miR23b expression. We studied the role of miR23b in pathogenic pain progression using three different animal groups: a control group (untreated, healthy mouse), a pain-induced animal group (to produce sensitivity to mechanical and thermal stimuli), and a miR23b-treated group (injected with miR23b). After the injection of miR23b into the spinal cord (between T12 and L2), the expression level of miR23b in the sham-operated animal model was reduced compared with that of the neuropathic animal model (Figure 1a ).
The role of miR23b in an induced neuropathic pain animal model. Our colocalization study of miR23b and specific neural cell subtypes by in situ hybridization and immunohistochemistry found that a high ratio of GABAergic neurons were colocalized with miR23b (Supplementary Figure S1) . To determine the functional role of miR23b in the neuropathic pain animal model, we evaluated the functional behavior of the pain þ miR23b-infused animal group, pain þ scrambled (scram)RNA animal group, and healthy animal group using mechanical and heat stimulation. As a result, miR23b-infused, neuropathic pain-induced animal groups showed significant improvement in paw withdrawal thresholds (PWTs) than in the pain group without the infusion (Figure 1b) .
Next, we investigated the expression level of the proteins to investigate the molecular function of miR23b in the induced pain animal model. After the intrathecal administration of miR23b into injured animals, Bax and caspase-3 expressions were significantly decreased, whereas Bcl-2 expression was increased ( Figure 1c) . Previous studies have shown that factors reported to induce cell death were activated by pain. 27, 28 These results showed that miR23b might reduce neuropathic pain by blocking activation of proteins induced in the apoptotic cell death of nestin-positive neural precursor cells, myelin, motor neurons, and spinal cord astrocytes (Figure 1d ). Immunohistochemistry also revealed that infusion of miR23b into the lesion of pain animals resulted in significantly decreased numbers of glia fibrillary acidic protein±astrocytes and Iba1±microglial cells compared to animals with neuropathic pain (Figure 1e ).
MiR23b controls the pathological microenvironment of the lesion in neuropathic animals. We also evaluated the expression levels of miR23b and its major target gene, NOX4, before and after injury induction in the spinal cord. Furthermore, we examined the expression levels of miR23b, NOX2, and NOX4, and found differential expression patterns between miR23b and NOX4 (Figures 1a and 2d) . The expression pattern of miR23b in animals with pain þ scramRNA gradually decreased compared with tissue from healthy animals. In contrast, the expression levels of NOX2 and NOX4 were increased in injury animals þ the scramRNA compared with healthy animals. And, NOX4 expression was significantly downregulated after miR23b infusion in the pain animal model (Figure 2b ). In addition, other inflammatory factors, such as ED1, COX2, TNF-a, and IL-1b, showed Figure 1 The intrathecal administration of miR23b reduces neuropathic pain in an animal model. (a) The expression level of miR23b was significantly increased after intrathecal injection of miR23b in a neuropathic pain model, as determined by RT-PCR (**Po0.01) and in situ hybridization (ISH) analysis (bottom). (b) The PWT was determined using both von Frey filaments to measure the mechanical threshold and the Hargreaves method to measure noxious thermal sensitivity. After the injection of miR23b or scramRNA, mechanical and thermal hypersensitivity were attenuated for 4 weeks. (*Po0.05; **Po0.01). (c) Western blot analyses were used to determine the expression levels of survival-and death-related genes. Intrathecal administration of miR23b-induced STAT3 expression and Akt activation, whereas the expression of the apoptotic cell death signals p38, JNK, Bax, and caspase-3 was reduced. (d) Furthermore, the neural markers nestin, MBP, and neurofilament 160 (NF160) were increased after intrathecal administration of miR23b. (e) The astrocyte cell marker glia fibrillary acidic protein (GFAP) and the microglia cell marker Iba1 were increased following induction of neuropathic pain, whereas injured mice receiving miR23b infusions showed decreased expression of these markers. GFAP and Iba1 were immunolabeled with anti-GFAP and anti-Iba1 antibodies, respectively Iba1/DAPI GFAP/DAPI
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Molecular targeting of NOX4 for neuropathic pain post-SCI YB Im et al increased expression levels after traumatic SCI (Figure 2c ). Simultaneously, glutathione peroxidase 3 (GPX3) and thioredoxin-like 1 (TXNL1) showed different expression levels between pain þ scramRNA and pain þ miR23b animals; these genes were also downregulated in mice with neuropathic pain compared to a group of healthy control mice (Figure 2d ). After pain induction, the expression of GAD65 and GAD67 was significantly decreased; however, infusion of miR23b was significantly reduced GAD65 and GAD67 expressions (Figure 2e ). The injured tissue produced high levels of 5-(and-6)-carboxy-2 0 , 7 0 -dichlorodihydrofluorescein diacetate (DCFDA) þ ROS in the lesion compared with normal tissue, and the ectopic infusion of miR23b significantly downregulated ROS generation (Supplementary Figure S2a) . Next, we studied differential expression levels of GABA between pain þ scramRNA animals and pain þ miR23b animals by immunohistochemistry. Following the induction of pain, the expression levels of GABA were considerably decreased compared with healthy animals (Supplementary Figure S2b) .
To determine the functional role of miR23b in the neuropathic pain animal model, we evaluated the functional behavior of the normal þ anti-miR23b-infused animal group and healthy animal group using mechanical and heat stimulation. The normal þ anti-miR23b-infused animal groups showed significant downregulation in PWTs as injured animal level (Figure 2f ). Moreover, luciferase assay was performed after finding three putative binding regions of miR23b with NOX4 gene, which was located in chromosome 7 (NC_000073.5) in the mice genome (Figure 2g) .
A major role for NOX4 in the pathogenesis of tissue lesions and functional amelioration of pain in an animal model. When NOX4 expression was increased acutely in pain tissue, the inflammatory markers COX2, IL-1b, and TNF-a were also significantly upregulated (Table 1) . And, TNF-a, COX2, and IL-1b expression levels were significantly decreased by the injection of si-NOX4 in animals with neuropathic pain (Table 1 ). The expressions of GPX1 and GPX3 were not significantly changed after inhibition of NOX4 expression in the injured animal model, whereas expression of the TXNL1 gene was significantly decreased along with increased GAD65 and GAD67 expression levels in these mice (Table 1) . To define the role of miR23b expression in the spinal cord during neuropathic pain and in healthy animals, we reduced miR23b expression using RNAi in healthy mice. The anti-miR23b-induced pseudo-pain mouse model and the traumatic pain animal model showed very similar expression patterns of miR23b and NOX4, and inflammatory factors, GPX1, GPX3, and TXNL1 (Table 2) . However, when we injected si-NOX4 into an anti-miR23b-injected animal, the expression levels of the inflammatory factors were downregulated compared with both neuropathic pain tissue and the anti-miR23b-treated healthy animal tissue ( Table 2 ). The expression of the ROS scavengers was affected by the expression levels of miR23b and NOX4. To determine the neuroprotective or regenerative activity on GABAergic neurons, we analyzed GAD65 and GAD67 expressions among healthy animals, animals with neuropathic pain, anti-miR23b-infused healthy animals, and anti-miR23b/ si-NOX4-infused animals. Pain and anti-miR23b-infused healthy animals showed significantly reduced GAD65 and GAD67 expressions, and GAD65 and GAD67 expressions were reduced after infusion of si-NOX4 (Table 2) .
To determine the functional role of NOX4 in the neuropathic pain model, we evaluated the functional behavior of the pain þ si-NOX4-infused animal group, the pain þ scramRNA animal group, and healthy animals by measuring mechanical and heat sensitivity. The pain þ si-NOX4-infused animal groups showed PWTs that gradually improved. In contrast, the mice with neuropathic pain did not show improved PWTs (Figures 3a and b) . Moreover, we evaluated the functional behavior of the anti-miR23b-infused healthy animals and antimiR23b þ si-NOX4-infused healthy animals 24 h after surgical neuropathic pain induction, and also in healthy animals by measuring mechanical and heat sensitivity. The antimiR23b þ si-NOX4-infused animals showed significantly improved PWTs compared to mice with neuropathic pain (Figure 3c ).
The effect of NOX4 antibody on expression level of NOX4 on GABA neuroprotection in an induced neuropathic pain model. We studied the expression level of NOX4 in the progression of pathogenic pain using five different animal groups: a control group, a pain-induced animal group, an NOX4 antibody-treated group, an ascorbic acid-treated group, and an ascorbic acid þ NOX4 antibodytreated group. The expression level of miR23b and NOX4 in the sham-operated model was reduced and was similar to that of the neuropathic animal model after an injection of phosphate-buffered saline (PBS) into the spinal cord (Figures 4a and b) . After an intrathecal injection of normal saline, NOX4 antibody, ascorbic acid, or ascorbic acid þ NOX4 antibody, the expression level of NOX4 was analyzed for up to 7 days after injection in the induced pain model (Figure 4b ). Moreover, the pain þ ascorbic acid and pain þ Figure 2 The intrathecal administration of miR23b and anti-miR23b affects inflammatory factor expression, ROS production, and the expression of redox-scavenging genes. (a) Diagram showing the injection of scramRNA or miR23b with DharmaFECT. (b) RT-PCR and western blot analysis were used to determine the expression levels of ROS-generating proteins after injection of miR23b in the induced neuropathic pain model. Both NOX2 and NOX4 were significantly decreased. In contrast, the injection of antimiR23b into healthy mice induced ROS production (**Po0.01). (c) MiR23b reduced the expression of the inflammatory factors ED1, COX2, TNF-a, and IL-1b. However, the inflammatory factors were increased when the anti-miR23b was injected (**Po0.01). (d) The expression of the redox-scavenger genes, especially TXNL1, was significantly increased after intrathecal administration of miR23b. In contrast, the expression levels of the redox-scavenger genes, TXNL1, were decreased after injection of anti-miR23b (**Po0.01). (e) Moreover, the expression level of GAD65/67 was also increased compared to animals with neuropathic pain, as shown by RT-PCR. However, suppression of miR23b by injection of anti-miR23b led to a dramatic decrease in GAD65/67 expression (**Po0.01). (f) The PWT was measured using von Frey to determine mechanical hypersensitivity and the Hargreaves test to measure sensitivity to noxious thermal stimulation. After the injection of anti-miR23b, hypersensitivity was significantly increased for 4 weeks, similar to the neuropathic pain model. (*Po0.05; **Po0.01). (g) Genomic localization and structure of 3 0 -UTR region of miR23b target sequence. Luciferase assay showed that miR23b directly bound the target gene, NOX4 (*Po0.05; **Po0.01) ascorbic acid þ NOX4 antibody-treated animal groups showed significantly increased expression levels of GAD67 compared with injured animals (Figure 4c ). Also, to determine the functional role of NOX4 in the neuropathic pain animal model, we evaluated the functional behavior of the pain in ascorbic acid þ NOX4 antibody-treated animal 
Molecular targeting of NOX4 for neuropathic pain post-SCI YB Im et al group, pain þ ascorbic acid-treated animal group, pain þ NOX4 antibody-treated animal group, and pain þ PBStreated animal group, and also in healthy animal group after effective mechanical or heat stimulation. The NOX4 antibody-infused, injured animal groups showed significant improvement in PWTs function than the other injured, untreated animal groups, pain þ ascorbic acid þ NOX4 antibody-treated and pain þ ascorbic acid-treated, and also in pain þ PBS-treated animal groups (Figure 4d ). Following NOX4 antibody treatment, caspase-3 activity was significantly decreased in pain þ NOX4 antibody, pain þ ascorbic acid, and pain þ ascorbic acid þ NOX4 antibody groups (Figure 4e ). In contrast, ATP production was increased in NOX4 antibody, pain þ ascorbic acid, and pain þ ascorbic acid þ NOX4 antibody-infused animal groups compared with the induced neuropathic pain group (Figure 4e ). After that, as shown in Figure 4f , the injured tissue produced high levels of DCFH-DA þ , measure of ROS, but the ectopic infusion of NOX4 antibody, ascorbic acid, or ascorbic acid þ NOX4 antibody significantly downregulated the generation of ROS (Figure 4f ).
NOX4 antibody treatment increases the expression of ROS scavenger genes in neuropathic animals. Following traumatic injury in the nervous system, the inflammatory factors COX2 and ED1 are produced. 29 We found that IL-1b was significantly decreased in the NOX4 antibody-infused animals (Table 3 ). Simultaneously, well-known redox-scavenger genes, including GPX1, GPX3, and TXNL1, were significantly downregulated in mice with neuropathic pain compared with healthy, control mice. In contrast, the expression levels of TGFb1 (transforming growth factor b1), TGFb2, and IL-10, modulatory inflammatory factors, were significantly increased after infusion of NOX4 antibody, ascorbic acid, or ascorbic acid þ NOX4 antibody in the neuropathic pain mouse model. Collectively, infusing NOX4 antibody at the site of injury significantly reduces the expression of inflammatory factors and increases ROS scavengers in animals with neuropathic pain. Therefore, the expression level of NOX4 indirectly or directly controls inflammatory factors' expression and ROS-mediated neuronal cell death events under neuropathic pain conditions ( Table 3) . As shown in Figures 5a and b , the phosphorylation levels of PI3K and Akt were increased after infusion of NOX4 antibody, ascorbic acid, or ascorbic acid þ NOX4 antibody (Figure 5a ). In contrast, p38/JNK phosphorylation in the pain þ ascorbic acid and the pain þ ascorbic acid þ NOX4 antibody-treated groups were significantly decreased compared with the NOX4 antibody treatment group (Figure 5b) . We also investigated the effects of NOX4 antibody on neuronal death in the neuropathic pain model. After intrathecal administration of NOX4 antibody into injured, neuropathic pain animals, Erk, Bax, and caspase-3 expression levels were significantly decreased (Figure 5b ). The expression of Tuj, an early neuronal progenitor or neuronal differentiation marker and myelin basic protein (MBP), was decreased after induced neuropathic pain. Western blot analysis showed that Tuj and MBP expression was significantly decreased after induction of neuropathic pain in the spinal cord (Figure 5c ). In contrast, the expression of Tuj and MBP was significantly increased after infusion of NOX4 antibody, ascorbic acid, or ascorbic acid þ NOX4 antibody into the lesion of neuropathic pain animals. Furthermore, we investigated that the expression levels of protein kinase Ca (PKCa) and protein kinase Cb are located in both the peripheral and central nervous systems. 30 The expression level of PKCa was increased after injury; in contrast, it was decreased after infusion of NOX4 antibody, ascorbic acid, or ascorbic acid þ NOX4 antibody in injured animal (Figure 5d ). We also evaluated the expression of Iba1, a macrophage or microglia marker, and myeloperoxidase The PWT was measured using von Frey filaments to determine mechanical hypersensitivity and the Hargreaves method to measure thermal sensitivity. After the injection of si-NOX4, mechanical and thermal hypersensitivity were significantly decreased for 4 weeks (*Po0.05; **Po0.01). (c) The PWT was determined using von Frey filaments to measure mechanical hypersensitivity and the Hargreaves method to measure responses to noxious thermal stimulation. After the injection of si-NOX4, hypersensitivity was significantly decreased for 4 weeks (*Po0.05; **Po0.01) (MPO) via immunohistochemical analysis (Figure 5e ). Both markers were significantly increased in PBS-treated animals after injury. However, the expression levels of Iba1 and MPO were significantly decreased after injection of ascorbic acid, NOX4 antibody, or ascorbic acid þ NOX4 antibody (Figure 5e ). Moreover, our RT-PCR and immunohistochemical results revealed that expression levels of the ROS scavenger genes, TXNL1 and GPX3, were significantly increased after injection of NOX4 antibody, ascorbic acid, or ascorbic acid þ NOX4 antibody (Supplementary Figure S3) . COX2 expression levels in the NOX4 antibody-treated, ascorbic acid-treated, and ascorbic acid þ NOX4 antibodytreated neuropathic pain models were significantly decreased compared with PBS-treated groups. Collectively, recent experimental results indicate that NOX4 antibody treatment after acute neuropathic pain offers the 
Discussion
Hypersensitivity against noxious and innocuous stimuli induces neuropathic pain that is enhanced by damage or dysfunction in the peripheral nervous system, leading to dysfunction of the central nervous system. 31, 32 To treat chronic pain, many researchers have investigated the use biochemical drugs, including minocycline and tetracycline, which are well absorbed, have superior tissue penetration, and are able to cross the blood-brain barrier. 33, 34 Minocycline is a potent inhibitor of microglial activation with no direct actions on astroglia or neurons. 3, 33 The anti-inflammatory and neuroprotective roles of minocycline have been studied in models of peripheral and central neuropathic pain. 35 Activated microglia contributes to the maintenance of chronic pain after SCI, focal and global ischemia, and many neurological diseases. 34, 36 Chemotherapeutic treatment with minocycline has been used to define the role of activated microglia in the induction and maintenance of peripheral neuropathy. 3, 36 However, many obstacles remain in our understanding of pain pathways. There are many factors with different functions that have a role in pain in vivo. Recently, some drugs that control or suppress ERK1/2 and cyclic AMP response element-binding protein signaling have been shown to have anti-inflammatory effects. 24 Activation of metabotropic glutamate receptor 7 in the spinal cord has also been shown to inhibit pain in sheep. 37 Our study focused on the spinal cord miRNAs that are widely expressed in the spinal cord, and their expression levels have an important role in gene regulation in health and disease. Some research groups have studied the role of small RNAs in peripheral pain pathways. They deleted the enzyme Dicer that controls the expression of small RNA molecules, and these small RNAs were shown to affect pain. Subsequently, behavioral studies confirmed that inflammatory pain was attenuated or abolished in Dicer knockout mice. 38 Another study showed that miRNAs may participate in the regulatory mechanisms of genes associated with the pathophysiology of chronic pain and the nociceptive processing following acute noxious stimulation; they found that miRNA expression in the nociceptive system shows not only temporal and spatial specificity but is also stimulus-dependent. 15 These previous studies suggested that miR23b would be able to protect against severe neurodegenerative behavior in a neuropathic pain model. Our study of the function of miR23b shows that it may act in early stages of acute pain by Figure 4 Functional amelioration efficacy of NOX4 antibody treatment after infusion. (a) The expression level of miR23b was determined by RT-PCR after injection of different dosages of ascorbic acid: 5, 10, and 20 mg. The expression level of miR23b was significantly increased by both the 5 and 10 mg dosages of ascorbic acid. The graph shows that the expression level of miR23b was increased after injection of NOX4 antibody (Ab) and ascorbic acid þ NOX4 Ab. The miR23b expression level in the NOX4 Ab-treated group was significantly increased compared with other two groups (*Po0.05; **Po0.01). (b) The expression level of NOX4 was significantly decreased after injection of NOX4 Ab, ascorbic acid, or ascorbic acid þ NOX4 Ab (*Po0.05; **Po0.01). (c) The expression level of GAD67 was significantly increased after injection of NOX4 Ab, ascorbic acid, or ascorbic acid þ NOX4 Ab. GAD67 expression in the NOX4 Ab-treated group was significantly increased compared with other two groups (*Po0.05; **Po0.01). (d) PWTs were determined using von Frey filaments to measure hypersensitivity. At 1 week after injection of NOX4 Ab, ascorbic acid, or ascorbic acid þ NOX4 Ab, hypersensitivity was significantly decreased. PWTs were maintained for 4 weeks with similar patterns as the first week. The Hargreaves method was used to measure responses to noxious thermal stimulation. The Hargreaves test showed a significant decrease 1 week after injection that was maintained for 4 weeks. The results were similar in pattern to those of the von Frey test (*Po0.05; **Po0.01). (e) ATP production and caspase-3 activity were determined after injection of NOX4 Ab, ascorbic acid, and ascorbic acid þ NOX4 Ab. Caspase-3 activity was significantly decreased by injection of NOX4 Ab, ascorbic acid, or ascorbic acid þ NOX4 Ab. ATP production was significantly increased after the injection of NOX4 Ab compared with the injured animal model. The ascorbic acid and ascorbic acid þ NOX4 Ab groups showed increased ATP production. However, efficacy of ATP production was lower than the NOX4 Ab-treated group. (f) The colocalization expression levels of NOX4 (red) and GABA (green) were analyzed and compared with the pain/PBS, pain/ascorbic acid, pain/NOX4 Ab, and pain/ascorbic acid þ NOX4 Ab models using confocal microscopy (arrow). The expression level of NOX4 was predominantly decreased compared to animals with neuropathic pain after injection of NOX4 Ab, ascorbic acid, or ascorbic acid þ NOX4 antibody. ROS production was determined using DCFH-DA (green). ROS production was significantly increased after injury or pain/PBS, whereas it was predominantly decreased after injection of NOX4 Ab, ascorbic acid, or ascorbic acid þ NOX4 Ab. Inset shows colocalization at the single-cell level protecting GABAergic and motor neurons. In our study, following neuropathic pain induction, miR23b expression was significantly decreased, and the expression levels of the miR23b target gene, NOX4, and several inflammatory factors, including COX2, IL-1b, and TNF-a, were highly upregulated. Previously, expression levels of NOX4 in the heart were Figure 5 Intrathecal administration of NOX4 antibody (Ab), ascorbic acid, and ascorbic acid þ NOX4 Ab reduced neuropathic pain into injured animals. The efficacy of the injection of NOX4 Ab, ascorbic acid, or ascorbic acid þ NOX4 Ab was determined by examining various protein expression levels by western blot. Western blot analyses were used to determine the expression levels of survival-and death-related genes. (a) Intrathecal administration of NOX4 Ab, ascorbic acid, or ascorbic acid þ NOX4 Ab induced PI3K expression and Akt activation, whereas (b) the expression of the apoptotic cell death signals p38, JNK, Bax, Erk, and caspase-3 was reduced. The expression level of NOX4 was reduced. (c) The neuronal markers Tuj and MBP were significantly increased after intrathecal administration of NOX4 in the NOX4 Ab-treated groups. However, glia fibrillary acidic protein (GFAP) expression was not different between pain and treated groups, NOX4 Ab, ascorbic acid, and ascorbic acid þ NOX4 Ab. (d) Moreover, the expression level of GAD67 was increased compared to animals with neuropathic pain. PKCa and PKCb were increased after injury. However, these factors were significantly decreased after injection of NOX4 Ab, ascorbic acid, or ascorbic acid þ NOX4 Ab. (e) Intrathecal administration of NOX4 Ab, ascorbic acid, or ascorbic acid þ NOX4 Ab affected expression levels of the inflammatory factor COX2, the activated microglia marker ED1, the granulocytes marker MPO, and the microglia marker Iba1. COX2, ED1, MPO, and Iba1 were immunolabeled with an anti-COX2 antibody (green), an anti-ED1 antibody (green), an anti-MPO antibody (green), and an anti-Iba1 antibody (green), respectively. We showed that theose factors were colocalized with GABAergic cells via the use of an anti-GABA antibody (red). The expression levels of the factors were significantly increased in injured animals (arrow), whereas they were predominantly decreased after infusion of NOX4 Ab, ascorbic acid, or ascorbic acid þ NOX4 Ab in injured animals (arrow). Inset represents the colocalization at the single-cell level reported to control directly oxidative stress in the heart tissue. 6 However, the role of NOX4 in the spinal cord had not been studied previously. When we injected si-NOX4 into animals with neuropathic pain, the expression levels of inflammatory factors were significantly downregulated compared with both healthy animals and animals treated with anti-miR23b. These results reveal that NOX4 is an important factor for studying pain signaling pathways, and miR23b is a key molecule for controlling NOX4 expression. In the tissue of animals with neuropathic pain, GABAergic neurons gradually degenerated in the spinal cord. We also observed downregulated expression of inflammatory factors, such as ED1, COX2, TNF-a, and IL-1b, in miR23b and NOX4 antibody-infused mice. Moreover, ROS generation and the expression of related genes were also affected by miR23b and NOX4 expression levels. Increasing miR23b at the site of injury reduced inflammatory factor expression and increased ROS scavenger expression levels, including GPX3 and TXNL1. Therefore, the expression pattern of miR23b and NOX4 indirectly controls inflammatory-and ROS-mediated events in an animal model of neuropathic pain. Recently, evidence showing extensive inflammation after SCI has led to the clinical use of anti-inflammatory agents (such as methylprednisolone) in SCI patients. 39 It is well accepted that post-traumatic inflammation significantly contributes to secondary injuries after SCI. Proinflammatory mediators, such as cytokines, proteases, and ROS, are believed to promote the activation of cell death executioners (for example, caspase) that are responsible for the neuronal loss and apoptosis that ultimately culminate in permanent neurological deficits. 40, 41 On the other hand, continual excitation may also induce the activation of signal-regulated kinases, such as ERK, p38, and JNK in glial cells. 42, 43 Moreover, these signaling pathways lead to the increased synthesis of multiple proinflammatory factors, including IL-1b, TNF-a, and NO. 44 As a result of these cross-talk mechanisms between glia and neurons, the responsiveness of spinal nociceptive neurons to stimuli is believed to be further enhanced. In this way, spinal cord glia may represent novel targets for the effective treatment of pain syndromes following SCI. 45 Our study also showed increased levels of microglia and astrocytes along with increased activation of p38/JNK in spinal cord lesions after pain induction in mice. In addition, proinflammatory factor expression, including NOX4, was significantly increased after pain induction and progression. However, when we injected miR23b and NOX4 antibody into the lesion of animals with neuropathic injury, microglia, astroglia, and proinflammatory factors were significantly decreased; in contrast, GABA and GAD expression were increased. When the physiological homeostasis is destroyed by external stimuli, such as heat, ice, or chemicals, the levels of the many molecules, including GABA and GAD67, may be altered. GABA, secreted from GABAergic neurons, is one of the major factors for maintaining homeostasis and understanding pain mechanisms. GAD67, an enzyme that decarboxylates glutamate to GABA, is also an important molecule related to neuropathic pain. Both GABA and GAD67 have been shown to be downregulated following injury. 18, 29 In our study, the infusion of miR23b into animals with neuropathic pain reduced inflammation, decreased GABAergic neuron degeneration, and inhibited proinflammatory factor circulation into the lesion. According to the western blot and RT-PCR results, miR23b affected these changes in the expression inflammatory factors and ROS scavengers. The expression pattern at the tissue level was investigated by immunohistochemical analysis using various antibodies against GABAergic neurons, NOX4, DCFDA, COX2, and ED1. The expression and colocalization pattern of NOX4 and GABAergic neurons was also explored. Normal physiological homeostasis was disturbed by GABAergic neuron degeneration in injured spinal cords. ROS scavengers were decreased following the pathogenic pain caused by traumatic injury. In addition, immunohistochemical images revealed that ROS scavengers were overexpressed in GABAergic neurons colocalized with miR23b and NOX4 (Supplementary Figure  S1) . Microglial cells in injured tissue did not express NOX4. ROS scavengers have a very important role in cell survival against ROS-mediated apoptotic cell death, especially in GABAergic neuron protection and functional maintenance in Figure 6 The functional and molecular actions of miR23b and NOX4 antibody against neuropathic pain in traumatic injured spinal cord the spinal cord. Our study showed that ROS-producing NOX4-positive cells do not express ROS scavengers, and miR23b-induced NOX4 downregulation effectively induces TXNL1, GPX3, and SEPN1 gene expression after pain induction in the spinal cord.
In this study, we suggest that miR23b has a crucial role in ameliorating neuropathic pain caused by SCI via NOX4 inactivation. In animals with neuropathic pain, exogenous expression of miR23b and NOX4 antibody effectively decreased pain symptoms and increased GABAergic neuron survival and recovery of GAD expression in spinal cord lesions. Exogenous miR23b expression in neuropathic lesions effectively modulated symptoms of inflammation, including microglia infiltration and inflammatory factor secretion, and reduced ROSmediated GABAergic neural cell death. Finally, we suggest that miR23b and NOX4 antibody show potential diagnostic usefulness, and molecular functional analysis of miR23b in neuropathic pain may provide attractive therapeutic tools for the treatment of pain by the regulation of NOX4 expression.
Materials and Methods
Animal model. Adult female ICR mouse weighing 30 g (6-8 weeks of age) were housed in a controlled environment and provided with standard animal chow and water. Animal care was carried out in compliance with Korean regulations regarding the protection of animals used for experimental and other scientific purposes (IRB No. SNU-100629-4). A modified traumatic SCI protocol was used, as described previously. 25 Under avertin anesthesia, the dorsal spinal cord of the mice was exposed using a surgical knife, and the bone from their vertebra was removed using surgical scissors and rongeurs. In brief, the spinous processes between T12 and L2 were removed with rongeurs, and a laminectomy was performed using a dental drill and rongeurs to expose the dorsal spinal cord in the anesthetized mouse. A small, longitudinal incision was made in the skin between the T12 and L2 spinous processes. For the stereotaxic injections, avertin was used at a dose of 0.2 ml/10 g body weight, and scramRNA, miRNA, and siRNA were injected to investigate the role of different miRNAs and proteins in neuropathic pain.
Injection of miRNA and siRNA silencing. We injected about 10 mM miR23b using a microinjector with DharmaFECT. Control (vehicle) groups were also injectedwith the same concentration of scramRNA with DharmaFECT (Thermo Scientific, Rockford, IL, USA). Thereafter, the mice were raised until using experiment. The region of miR23b-injected mice was removed by cutting at a depth of 3.5 mm from dorsal surface of spinal cord using microscissors and blade. These collected tissue samples were used for RT-PCR and western blot. The mice were perfused by 1 Â PBS and 4% paraformaldehyde for immunohistochemistry. Induced pain model mice by injection of anti-miR23b were made by surgical method. Synthesized siRNA duplex was obtained from Dharmacon RNA Technologies (Thermo Scientific). Anti-miR23b was directly injected similarly to the injury site (between T12 and L2) of miR23b-injected mice without injury. Also, anti-miR23b and si-NOX4 were injected normal spinal cord and same injury region of induced pain control mice. Total injection volume was 5 ml, siRNA 2.5 ml, and DharmaFECT 2.5 ml. At the same time, we injected scramRNA for making sham model of each treatment mice. Sham models were also injected with the same concentration of scramRNA as treatment groups about 10 mM with DharmaFECT. The siRNA provided the most efficient inhibition (90-95%), which was utilized for the experiments. We determined each samples by time course, 1, 3, and 7 days. Injection of si-NOX4 and anti-miR23b and collection of those tissue samples followed the same method as that of the collection of miR23b tissue samples for both molecular analysis and immunohistochemistry. For inhibitor administration, DNA oligomer was directly injected into the lesion site 2 days after injury. The control (vehicle) group received the same concentration of scramRNA. The mice were then randomly assigned into three groups: 30 pain injury mice receiving miR23b inhibitor and 10 pain injury mice receiving scramRNA as controls. A total of 40 animals were utilized in these experiments.
Injection of NOX4 antibody in neuropathic pain carrying animals. We injected 10 mM NOX4 antibody using a microinjector with DharmaFECT. Control (vehicle) groups were injected with the same volume of PBS with matrigel. For tissue analysis, the lesion of NOX4 antibody-injected mice was removed by cutting to a depth of 3.5 mm from the dorsal surface of the spinal cord using microscissors and a blade. Collected tissue samples were used for RT-PCR, western blot, and immunohistochemical analysis. For immunohistochemistry, the mice were transcardially perfused with PBS, followed by 4% paraformaldehyde in 0.1 M phosphate buffer. The spinal cord lesion was dissected, postfixed using same fixatives, and immersed overnight in PBS containing 30% sucrose. The spinal cord was then embedded in Tissue-Tek OCT (Sakura, Tokyo, Japan) and kept frozen at À 80 1C. Serial transverse sections (20 mm thick) were cut on a cryostat (Leica, Germany). All analysis of test or control tissue samples was performed in a randomized, observer-blinded manner.
RNA isolation and RT-PCR. Spinal cord tissue from an experimental animal that was killed was isolated by surgery. Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA). After isolating total RNA from previous work, RT was carried out using M-MLV reverse transcriptase (Promega, Madison, WI, USA). According to the manufacturer's protocol, we used 1 mg of total RNA for RT. The PCR conditions used were as follows: initial denaturation at 94 1C for 5 min, followed by 35 cycles at 94 1C for 30 s, pertinent annealing temperature of each primer set for 30 s, 72 1C for 30 s, and an additional cycle with extension at 72 1C for 5 min. The normalization was carried out using GAPDH RT-PCR. The amplified products were separated by electrophoresis on 1.5% agarose gels (Invitrogen) with ethidium bromide (Amresco, Solon, OH, USA).
Western blot. Spinal cord tissues were removed by microscissors blade and were lysed with PRO-PREP (no. 17081; iNtRON Biotechnology, Sungnam, Kyungki-Do, Korea). The tissue was homogenized by homogenizer (POLYTRON PT-2100, KINEMATICA AG, Lucerne, Switzerland). After 20 min on ice, the tissue lysate was centrifuged at 12 000 r.p.m. for 10 min and the supernatant was collected. Protein concentration was determined using the qubit fluorometer (Invitrogen). Equal amounts of sample lysates (50 mg) were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After the gels were finished running, they were transferred to nitrocellulose transfer membrane (Whatman, Dassel, Germany). The membrane was blocked with 5% skim milk in TBST washing buffer (10 mM Tris, 150 mM NaCl, 1%, pH 7.4) with 0.1% Tween-20 for 1 h and then incubated with primary antibodies recognizing murine p-Ak t(1 : 1000; Cell Signaling, Billerica, MA, USA), p-Erk (1 : 1000; Cell Signaling), p-STAT3 (1 : 1000; Cell Signaling), Bax (1 : 200; Santa Cruz, Santa Cruz, CA, USA), caspase-3 (1 : 1000; Cell Signaling), p53 (1 : 200; Santa Cruz), JNK (1 : 1000; Cell Signaling), COX2 (1 : 200; Santa Cruz), and NF160 (1 : 200; Sigma, St Louis, MO, USA) in 5% skim milk overnight. The membrane was washed three times with TBST for 10 min and followed by incubation with appropriate secondary antibody for 2-4 h, and then washed again three times with TBST. The membranes were developed using ECL as substrate. Equal loading of protein was confirmed using GAPDH (1 : 1000; Cell Signaling) antibody.
Immunohistochemistry. Tissues were collected by perfusion and fixed with 4% paraformaldehyde for one day at 4 1C. After that, tissues were transferred onto 30% sucrose for 2 days. The tissues were molded by Frozen Section Compound (FSC 22; Leica, Buffalo Grove, IL, USA) and after 2 days transferred onto 30% sucrose. To study the expression of GABAergic neuron with inflammatory factors and ROS, spinal cords were cut in serial cross-sections (10 mM thick) and attached on silane-coated slide glass (Micro Slides Glass; Muto Pure Chemicals, Tokyo, Japan) using microm HM525 (Thermo Scientific). The slides were dried in a chamber with ventilation system overnight. They were rinsed with 1 Â PBS three times for 10 min and incubated with a blocking solution (10% normal goat serum (Vector Laboratories, Burlingame, CA, USA), 0.5% Triton X-100 in PBS) for 1 h at 4 1C. The tissues were then incubated overnight at 4 1C with primary antibody, GABA (1 : 200; Santa Cruz), IbaI (1 : 300; Wako, Osaka, Japan), ED1 (1 : 1000; Serotec, Oxford, UK), NOX4 (1 : 200; Santa Cruz), DCF-DA (Invitrogen), and COX2 (1 : 200; Santa Cruz), diluted in blocking solution, following which the tissues were treated with the Dylight 549 Goat Anti-rabbit IgG (Thermo Scientific), Dylight 549 Anti-mouse IgG (Thermo Scientific), and Alexa Fluor 594 Anti-goat IgG secondary antibody (Invitrogen) for 10 min. For nuclear counter-staining, Vectashield (Vector Laboratories) was diluted to 1 : 20 in blocking solution and incubated with the cells for 5 to 10 min. Then, reacted slides were mounted and coverslipped. Images were captured with a confocal microscope (Eclipse TE200; Nikon, Tokyo, Japan).
Luciferase assay. The oligonucleotides NOX4-Fw-wt and NOX4-Rev-wt were ligated to form a fragment containing the miR23b binding site on Ngn1 3 0 -UTR predicted by Targetscan program (http://www.targetscan.org). The miR23b binding site with a mutated seed region was formed by annealing of NOX4-Fw-Mut and NOX4-Rev-Mut oligonucleotides. The segments were cloned downstream of the luciferase reporter gene in pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega) generating the plasmids pmiRGlo-NOX4-3 0 -UTRwt and pmiRGlo-NOX4-3 0 -UTR -Mut. The plasmid pcDNA3.1-miR23b was double digested, and the insert was subsequently cloned in vector pUHG10.3 under the control of a tetracycline-responsive promoter, generating plasmid pUHG-miR23b. This construct was sequenced to confirm the presence of correctly oriented miR23b. To determine the binding activity of miR23b on consensus sequence of target gene, NOX4, in injured spinal cord tissue, NPC cells were seeded in six-well plates until 70% confluence and pUHG-miR23b was transfected using Lipofectamine LTX and Plus Reagent, referring to the manufacturer's protocol (Invitrogen). After transfection of each plasmid, cells were incubated with DMEM containing 10% FBS. Cells were harvested 24-48 h later for dual luciferase assays (Bright Glo; Promega) to determine the promoter activity of the test plasmid. Firefly luciferase expression from the test plasmid and Renilla luciferase expression from phRL-SV40 in a single sample were measured sequentially in a luminometer according to the Dual-Luciferase Reporter System protocol (Bright Glo; Promega).
In situ hybridization. In situ hybridization of miR23b was performed on the injured or normal spinal cord tissues. Oligonucleotide probes were synthesized (Bioneer, Daejeon, Korea). Tissue slides were air dried and prepared for 15 min in saline citrate (pH 7.0), containing 0.1 mg/ml proteinase K (Sigma Aldrich), at room temperature. Sections were washed two times in 1 Â saline sodium citrate (SSC) for 5 min. Labeled oligonucleotides were diluted (30 pM) in hybridization buffer containing 50% de-ionized formamide, 4 Â SSC, and 1 mM sodium pyrophosphate, covered with parafilm and incubated in a humid chamber overnight at 42 1C. Next day after incubation, the slides were rinsed for 10 min in 1 Â SSC at room temperature, 20 min in 1 Â SSC at 60 1C incubator, 5 min in distilled water at room temperature, dehydrated in 70, 95 and 100% isopropanol, and finally air dried. Finally slides were evaluated using a Leica fluorescence microscope (Leica Microsystems, Exon, PA, USA).
Caspase-3 activity. Tissues were collected from the neuropathic pain lesion by surgery. To assess caspase-3 activity, tissue lysate was rotated using rotator at 4 1C for 2 h. After that, the tissue lysate was centrifuged at 12 000 r.p.m. for 10 min. Supernatant moved to a new microtube. Protein concentration was determined using the qubit fluorometer (Invitrogen). In total, 10 mg of protein was isolated from injured spinal cord tissues in a total volume of 50 ml and was mixed with 50 ml of equilibrated Caspase-Glo 3 reagents (Promega). After 2 h incubation at room temperature, luminescence was measured using a TD 20/20 Luminometer (Turner Designs, Sunnyvale, CA, USA). Experimental values were corrected for background, and the fold or relative increase in activity was calculated based on the activity measured in untreated cells. All reactions were performed in triplicate.
ATP production. The amount of protein was determined using the Protein Assay Kit (Bio-Rad, Hercules, CA, USA) following the manufacturer's instructions. Cells were resuspended in buffer containing 150 mmol/l KCl, 25 mmol/l Tris-HCl (pH 7.6), 2 mmol/l EDTA (pH 7.4), 10 mmol/l KPO 4 (pH 7.4), 0.1 mmol/l MgCl 2 and 0.1% (w/v) bovine serum albumin at a concentration of 1 mg protein per ml of buffer. ATP synthesis was initiated by the addition of 250 ml of the cell suspension to 750 ml of substrate buffer (10 mmol/l malate, 10 mmol/l pyruvate, 1 mmol/l ADP, 40 mg/ml digitonin, and 0.15 mmol/l adenosine pentaphosphate). Cells were incubated at 37 1C for 10 min. At 0 and 10 min, 50 ml aliquots of the reaction mixture were withdrawn, quenched in 450 ml of boiling 100 mmol/l Tris-HCl, 4 mmol/l EDTA (pH 7.75) for 2 min, and further diluted 1/10 in the quenching buffer. The quantity of ATP was measured in a luminometer (Berthold; Detection Systems, Pforzheim, Germany) with the ATP Bioluminescence Assay Kit (Roche Diagnostics, Basel, Switzerland) following the manufacturer's instructions.
Behavior test von Frey. The presence of mechanical allodynia was determined by measuring PWTs to mechanical indentation of the plantar surface of each hindpaw using von Frey filaments. The filaments are capable of exerting forces of 10, 20, 40, 60, 80, or 120 mN, but have the same tip diameter of 0.1 mm. These filaments were applied to three designated loci distributed over the plantar surface of the foot.
During each test, the mouse was placed in a transparent plastic box over a wire mesh floor. The cage was elevated so that stimulation could be applied to each hind foot from beneath the mouse. Each filament was applied alternately to each foot and each locus. The duration of each stimulus was 1 s, and the interstimulus interval was approximately 5 to 10 s. The incidence of foot withdrawal was expressed as a percentage of the five applications of each stimulus as a function of force. The PWT was defined as the force corresponding to a 50% withdrawal, as determined by linear interpolation. To reduce the effects of pre-existing differences among individuals in mechanical responsiveness, the withdrawal thresholds were also normalized by subtracting each value on the treated (ipsilateral) side from the corresponding value on the contralateral side.
Hargreaves. After surgery, the animals were inspected every 1 or 2 days and at weekly intervals thereafter until 8 weeks. For general observation, the mice were placed on a table and notes were made on the animal's gait and the posture of each hind paw. The presence of thermal hyperalgesia was determined by measuring the foot withdrawal latency in response to heat stimulation. Each mouse was placed in a box on the glass floor of the Hargreaves apparatus. The temperature of the glass floor was measured and maintained at 27 1C. A heat source (IITC Model 390 Analgesia Meter, Series 8; Life Science Products, Frederick, CA, USA) was positioned beneath a portion of the hind paw that was flushed against the glass, and a thermal stimulus was delivered to that site. When the hind paw moved, the stimulus was removed, and the time was recorded; at a maximum cutoff value of 20 s, the stimulus automatically shut off. The intensity of the heat stimulus was maintained at a constant value throughout all experiments. The elicited paw withdrawal latency was approximately 10-15 s in the control mice. Thermal stimuli were delivered 3-5 times to each hind paw at 5-to 6-min intervals. At least three blind observers scored all behavior tests and were positioned across from each other to observe both sides of the mice.
Statistic analysis. Data were reported as the mean±S.E.M. from five or more independent experiments. Statistically significant differences in functional recovery between groups were calculated by repeated measures of the analysis of variance (ANOVA) test. ANOVA was performed followed by Student's t-test to determine statistically significant differences.
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